The infrared spectrum of CH3D from 3250 to 3700 cm =1 was studied for the rst time to assign transitions involving the ν2+ν3, ν2+ν5, ν2+ν6, ν3+2ν6 and 3ν6 vibrational states. Line positions and intensities were measured at 0.011 cm =1 resolution using Fourier transform spectra recorded at Kitt Peak with isotopically enriched samples.
Introduction
Monodeuterated methane (CH 3 D) is often used to determine the H/D ratios in planetary atmospheres [1] and [2] .
The 3 μm region is important for outer planet studies because it is a window free of strong CH 4 absorption [3] . New observations from spacecraft (such as VIMS [4] on Cassini), aircraft platforms (such as SOFIA [5] ) and high-resolution ground-based telescopes [6] have revealed the need for 3 μm CH 3 D line parameters because its features can overlap those of other planetary molecules such as NH 3 , PH 3 , HCN, C 2 H 2 and C 2 H 6 .
Appropriate theoretical models for such symmetric tops [7] and [8] are already available from formalisms developed for spherical rotors [9] and [10] . Accurate representation of the positions and intensities of this molecule requires that the polyad scheme be used. The six fundamentals of CH 3 D are grouped into two polyads; the Triad (610 μm) is composed of the three lowest fundamentals (ν 6 , ν 3 , ν 5 ) [11] while the Nonad (35 μm) contains the three upper fundamentals (ν 2 , ν 4 , ν 1 ) with three combination bands (ν 3 + ν 6 , ν 5 + ν 6 , ν 3 + ν 5 ) and three overtones (2ν 6 , 2ν 3 , 2ν 5 ) [12] . The common eective Hamiltonian is developed so that vibrational states within each polyad can be treated simultaneously in order to account for numerous interactions between the energy levels. The CH 3 D spectrum between 2.2 and 3 μm has not been studied previously partly because the region is so complicated. In Fig. 1 , a laboratory spectrum is shown between 3000 and 5000 cm =1 . The spectral interval has a polyad of 19 interacting states of CH 3 D and is designated as the Enneadecad. Its bands are essentially the Triad quanta combined with the Nonad states: ν 1 + ν 3 , ν 1 + ν 5 , ν 1 + ν 6 , ν 2 + ν 3 , ν 2 + ν 5 , ν 2 + ν 6 , ν 3 + ν 4 , ν 4 + ν 5 , ν 4 + ν 6 , 3ν 3 , 2ν 3 + ν 5 , 2ν 3 + ν 6 , ν 3 + 2ν 5 , ν 3 + ν 5 + ν 6 , ν 3 + 2ν 6 , 3ν 5 , 2ν 5 + ν 6 , ν 5 + 2ν 6 and 3ν 6 . These 19 vibrational states are in fact comprised of 37 separate vibrational sublevels, most of which ultimately give rise to infrared absorption from the ground state. Although the Enneadecad of CH 3 D corresponds to the Octad of CH 4 from 2.1 to 2.8 μm [13] , the detailed comparison of corresponding bands is not obvious. The Enneadecad of CH 3 D contains 12, 7 and 18 sublevels of symmetry A 1 , A 2 and E, respectively, while the Octad of CH 4 contains 4, 2, 5, 5, 8 sublevels of symmetry A 1 , A 2 , E, F 1 , F 2 , respectively. In both cases the overall vibrational degeneracy is 55.
The complexity of the Enneadecad states is illustrated in Fig. 2 . This schematic shows the 19 vibrational levels designated by the number of quanta for each fundamental υ 1 , υ 2 , υ 3 , υ 4 , υ 5 , υ 6 (e.g., 010001 is ν 2 + ν 6 , 011000 is ν 2 + ν 3 and 000003 is 3ν 6 ). The vibrational symmetry of ν 2 + ν 5 and ν 2 + ν 6 is E, while ν 2 + ν 3 is A 1 . The states drawn with doubled lines have multiple sub-components; for example, 3ν 6 has three (A 1 , A 2 and E) sub-levels, and ν 3 + 2ν 6 has two (A 1 and E). The vibrations are redrawn in the three other columns to show the expected Fermi and Coriolis interactions based on prior studies of the Triad [11] and Nonad [12] . As a preliminary approach, the Enneadecad polyad can be grouped into three sets. The lowest section between 3250 and 3700 cm =1 contains ve bands which are essentially the Triad plus ν 2 or 2ν 6 (ν 2 + ν 6 , 3ν 6 , ν 2 + ν 3 , ν 3 + 2ν 6 and ν 2 + ν 5 ) while the upper portion between 4000 and 4700 cm =1 has 10 bands (Triad plus upper Nonad: 2ν 3 + ν 5 , 2ν 5 + ν 6 , ν 1 + ν 6 , ν 4 + ν 6 , ν 3 + 2ν 5 , ν 1 + ν 3 , ν 3 + ν 4 , 3ν 5 , ν 1 + ν 5 and ν 4 + ν 5 ). The middle set of four bands from 3700 to 4000 cm =1 (2ν 3 + ν 6 , ν 5 + 2ν 6 , 3ν 3 and ν 3 + ν 5 + ν 6 ) all involve three quanta of the Triad excited states and are thus expected to be much weaker than the two quanta bands in the upper and lower intervals. In our laboratory spectra, only weaker transitions with intensity stronger than 5 Ö 10 =24 (cm =1 /molecule · cm =2 ) are visible, and so the lines in the middle part are not generally observed. interactions with the middle part due to strong Coriolis terms already known from our previous analysis of the Triad.
Similarly the interaction terms active in the Nonad also apply to corresponding states of the Enneadecad. The major advantage of our model is that all the terms and corresponding constants (diagonal or not) obtained in our previous analyses of the lower polyads (Triad and Nonad) can be directly included in the Enneadecad model. In the present work, all major interactions within the Enneadecad are thus considered. This provides an excellent starting prediction for assigning the unexplored region. One interesting aspect of the present study is to discern eects of higher order interactions between the lower and middle portions of the Enneadecad.
2 Experimental details The spectral data for the present study came from our previous analysis of the Nonad [12] , and so experimental details are only briey repeated here. The spectra were recorded at 0.011 cm =1 resolution using the McMath-Pierce Fourier Transform Spectrometer congured with InSb detectors. The spectral band pass covered both the Nonad and the present region simultaneously. Enneadecad positions and intensities at 3 μm could be measured in eight spectra; these involved pure samples of 98%-enriched CH 3 D at room temperature in ve dierent absorption cells (with optical paths ranging from 10 to 239 cm). The gas sample conditions are shown in Table 1 , and an expanded spectral plot of the measured region is shown in Fig. 4 .
The line positions were initially obtained by peak nding of the apodized spectra and later by curve-tting of the unapodized spectra. The measured line positions and intensities were retrieved using nonlinear-least squares [14] in which the parameters of a synthetic spectrum were adjusted to minimize the dierences between observed and calculated spectra; for the higher pressure data, self-broadened widths were also adjusted (but are not being reported). Parameters of residual water features were also adjusted if water transitions fell near the targeted CH 3 D lines. Measurements from dierent spectra were then combined and averaged to produce the observed values. Examples of this process are shown in the earlier studies of the Triad [11] and Nonad [12] . μm could be as large as =0.0015 cm =1 with the gas sample at 90 torr. However, the self-shifts vary too greatly as a function of the rotational quanta from band to band to make accurate corrections by extrapolating measurements of the lower fundamentals [16] .
3 Theoretical framework The theoretical framework of the present work is the same as the one already described in our previous reports [11] and [12] . Only basic or new features will be repeated or detailed here. The partially transformed ro-vibrational Hamiltonian adapted to the polyad structure of the CH 3 D molecule is expressed as
where the subsequent terms correspond to successive polyads with increasing vibrational energies. The eective
Hamiltonians associated with the subsequent polyads includes one, two or three sets of terms obtained by projection of the above equation onto the corresponding subspaces denoted by < P olyad >:
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In the present work, the parameters from H G.S. involved in the eective Hamiltonians for the three polyads (ground state, Triad and Nonad) through the respective terms H G.S.
were kept xed at the values reported by Ulenikov et al. [17] . The parameters from H T riad and H N onad involved in Triad, Nonad and Ennedecad eective Hamiltonians were kept xed at the values reported in [12] . The dipolar transition moment was similarly expressed in tensorial form. It is partially transformed according to the polyad scheme of the CH 3 D molecule.
In the present paper, only the EnneadecadG.S. system is considered, formally expressed as M GS;Enneadecad [8] . 4 Results and discussion Starting with the best possible prediction, transitions of the lower Enneadecad were systematically identied. Some assignments were conrmed and extended by considering corresponding transitions of the EnneadecadTriad dierence bands in the ν 2 and 2ν 6 region at 4.5 μm. Positions in both regions were modeled together. Then observed line intensities were retrieved from the spectra and tted to the model. Table 2 and Table 3 provide overviews of the tting; Table 4 lists the adjusted transition moment parameters, and 
Positions and energy levels
As seen in Table 2 [8] are also available upon request from the rst two authors.
The 17 Ground State parameters were held to values reported by Ulenikov et al. [17] . Some 424 eective Hamiltonian parameters were xed throughout the analysis to the already-reported Triad and Nonad values [11] and [12] .
Use of available higher order interactions between ν 2 + ν 5 ↔ 3ν 6 and ν 3 + 2ν 6 ↔ 3ν 6 did not improve the t, and those constants were set to zero. The analysis did require some preliminary consideration of the middle Enneadecad in order to t ν 2 + ν 5 and ν 3 + 2ν 6 transitions for K > 8. As seen in Fig. 2 , the only simple perturbation expected for ν 3 + 2ν 6 (001002) by a middle state is through a Fermi interaction with ν 3 + ν 5 + ν 6 (001011); no simple interaction with a middle region state is indicated forν 2 + ν 5 . In the end, the observed higher K perturbations were interpreted to arise from interactions with 2ν 3 + ν 6 (002001) and ν 5 + 2ν 6 (000012). Better ts at higher K were then obtained by evoking a higher order interaction betweenν 2 + ν 5 at 3668.0 cm =1 and 2ν 3 + ν 6 at 3753.4 cm =1 . It is clear that 2ν 3 + ν 6 and ν 5 + 2ν 6 should be very weak and could appear in our data only by borrowing intensity from stronger bands. However, more laboratory spectra with higher optical densities are needed to pursue a better analysis.
Detailed statistics of the t of line positions are given in Table 3 by upper state level; the columns are the vibrational level, the corresponding band origin (J = 0), the number of tted positions (total, cold band from the ground state, hot bands from the Triad levels), the total rms value for the combined data and the maximum J and K included in the t. As seen in the table, the search for 3ν 6 =ν 6 transitions proved very important for nding levels of the tertiary band 3ν 6 . We found that rms values computed separately with hot and cold band data were not signicantly dierent from the values in Table 3 . Some 874 empirical intensities up to J = 18 were selected from a list of over 1530 measured features and tted to obtain the intensity parameters for the ve lowest bands (with eight sub-components) of the Enneadecad. To indicate the extent of measurements for each band, the observed line intensities are plotted in Fig. 5 as a function of the transition line position. In the model, the eective transition moment of the whole polyad is comprised of 185 symmetry-allowed terms with rotational dependency up to J 2 : these correspond to expansion up to J to J for three quanta overtones. Of the 58 that pertain just to the Lower Enneadecad bands, 22 eective parameters were adjusted in order to reproduce the present observed intensities; these are the seven purely vibrational transition moments and 15 J-dependent terms listed in Table 4 , along with their statistical uncertainties. During the analysis, we systematically checked all possible variants of signs for the principle transition moment parameters. The number of statistically determined terms (22) is much less than the number of measurements (874). The ratio of the number of tted intensities over the number of adjusted parameters (38) is 2.1 times the corresponding ratio for the line positions modeling, as seen in Table 2 .
Intensity t
Detailed statistics of the intensity t are given by band in Table 5 . As for the position analysis, the main diculty for the intensity analysis follows from subtle interactions with bands too weak to be seen in our present spectra (originally recorded for the Nonad study). It is clear that transition moments for tertiary bands like 2ν 3 + ν 6 and ν 5 + 2ν 6 should be small; nevertheless these states could alter the line intensities of bands in the 35003700 cm =1
region, especially for states whose eigenvectors contain considerable mixtures of 2ν 3 + ν 6 or ν 5 + 2ν 6 . The intensity analysis of the weak bands such as ν 3 + 2ν 6 (E) and 3ν 6 (A 2 ) is more dicult because we have observed so few lines and the measurement accuracy is poor.
The integrated intensities for the eight components of the Enneadecad are also shown in Table 5 , along with estimated hotband values. These have been obtained by summation of the line intensities greater than 10
=25
(cm =1 /molecule · cm =2 ) at 296 K for the number of calculated lines indicated. The bands strengths quoted in Table 5 are essentially governed by purely vibrational transition moments (R0(0,0A 1 ) type terms) given in Table 4 .
As expected, the two quanta bands are much stronger than the three quanta bands. The model accuracy is better for the stronger and more isolated bands ν 2 + ν 3 and ν 2 + ν 6 ; thus the summations of calculated intensities for these two bands are more reliable since a few hundred transitions have been modeled. In contrast, the summations could be o by an order of magnitude for bands with less than 10 observed intensities. The 3ν 6 (A 2 ) band is nominally not infrared active, but it apparently borrows intensity from other bands to become stronger than 3ν 6 (A 1 ). For astronomy, a separate version is available (from the last author) with the air-broadened widths replaced by H2-broadening based on the results of Boussin et al. [22] for 3ν 2 . A synthetic spectrum is shown in Fig. 6 . Signicantly, the present study reveals that features of CH 3 D overlap those of the NH 3 fundamentals near 3330 cm =1 [23] and also 
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